Tissue from symptom-bearing young leaves of Gynura aurantiaca plants systemically infected with citrus exocortis viroid (CEV) was investigated with the electron microscope. It was found that, in contrast to a previous report, the appearance of paramural bodies or plasmalemmasomes cannot be considered to be the primary c.p.e, in G. aurantiaca because these structures are also present at the same frequency in healthy control plants. The plasmalemmasomes in healthy tissue, characterized by vesicular or tubular internal structures, are found at different developmental stages and in the process of spreading between the plasmalemma and cell wall of developing young cells. The viroid-specific cytopathic changes are alterations of the plasmalemmasomes themselves, which may make it difficult to relate them to the corresponding normal structures. The malformed plasmalemmasomes were consistently found in association with the extremely distorted cell walls characteristic of viroid-infected tissue; spreading of plasmalemmasomes was not observed. These findings indicate an intimate functional relationship between ptasmalemmasomes and cell wall formation which is disturbed as a consequence of viroid infection.
INTRODUCTION
In susceptible plant species, viroid infections may cause conspicuous symptoms of mosaic, necrosis, malformations and epinasty of leaves together with growth reduction and stunting of the whole plant resulting from the inhibition of internode elongation. In our attempts to elucidate the submicroscopical changes underlying these symptoms we used the electron microscope to investigate tissue samples of Gynura aurantiaca DC infected with citrus exocortis viroid (CEV). In this host plant CEV produces severe blistering of the newly developing apical leaves which first becomes apparent about 2 to 4 weeks after inoculation of the plant stem (Weathers et al. I967; S/inger, 1972) . This viroid-host plant system is of special interest because Semancik & Vanderwoude (I976) reported that the appearance of numerous plasmalemmasomes represents the major c.p.e, of CEV infection in G. aurantiaca.
Plasmalemmasomes are vesicular invaginations of the plasmalemma with a regular internal structure (Edwards, 1962) . They have been reported as normal subcellular constituents of bacteria (Brieger et al. I959; Giesbrecht, I96O; I966) and of a number of higher plants (Jensen, 1965; Peat & Banbury, I967; Robards, I968; Mahlberg et al. I971 ; Tu & Hiruki, I97I ; Wheeler, 1974) . Plasmalemmasomes may vary considerably in size and their shape may range from isometric spheres to extended and flattened forms. The origin and function of the plasmalemmasomes are still unclear but it has been assumed that they might be functionally involved in the formation of the cell wall (Cronshaw, i965; Esau et al. I966; Halperin & Jensen, I967; Walker & Bisalputra, I967; Marchant & Robards, I968) ; they have also been considered to be mere artefacts of preparation (Fowke & Setterfield, i969) .
We report here that, in contrast to the suggestion of Semancik & Vanderwoude (I976) , plasmalemmasomes cannot be considered to be the primary c.p.e, of viroid (CEV) infection in G. aurantiaca, because these structures are found at the same frequency in viroid-infected and in healthy plant tissue. The actual cytopathological changes we detected are aberrations of the cell wall and of the plasmalemmasomes themselves.
METHODS
Source of viroid and tissue. The original culture of CEV was a Californian isolate kindly provided by Dr L. G. Weathers, Riverside, in Citrus media L. It was adapted to G. aurantiaca and further propagated in this host by puncturing the stem (S~inger, I972).Tissues to be prepared for electron microscopy were selected from symptom-bearing young leaves 15 to 20 days after inoculation. Tissue samples from the corresponding leaves of healthy plants served as controls. The presence of viroid RNA in infected plants and its absence in healthy control plants was ascertained by the electrophoretic analysis of phenol-extracted RNA preparations from the sample plants.
Sample preparation. All procedures were performed at room temperature with the exception of resin polymerization. Pieces were excised from the leaves and immediately placed in 5% glutaraldehyde, o.oI M-phosphate buffer, pH 7"2 (Millonig, 1962) , for 2 to 3 h. The pieces were then rinsed with buffer and post-fixed in buffered 1% osmium tetroxide for 60 min. After several rinses with buffer and water the pieces were dehydrated through an ethanol series. At 5o o/o ethanol precontrasting was carried out with 1% uranyl acetate. Subsequent embedding was in Epon 812 according to Luft (1960. The sections were cut with a diamond knife in a LKB-Ultrotome III perpendicular to the leaf vein and were stained with 2 o/o uranyl acetate and with lead citrate (Reynolds, I963) . Specimens were viewed with a Siemens Elmiskop IOI.
RESULTS

Pathological changes of the cell wall
Young parenchyma cells of the apical leaves from healthy G. aurantiaca are characterized by cell walls with regular profile and thickness (Fig. I b) as reflected by a homogeneous contrast ( Fig. 2 a to d) . The cell walls in comparable regions of CEV-infected leaves, however, are extremely distorted, producing an irregular shape of the cells in these diseased tissue areas. The profiles of the corresponding cell walls appear to be corrugated and of irregular thickness ( Fig. I a, c ; arrows). The contrast of these anomalous cell walls occasionally indicated an undulating broad band in the area of the middle lamella even in cases where the cell wall is not itself distorted. These cell wall changes usually lead to a structural deformation and ruggedness of the cells themselves which, in turn, may alter the shape of their chloroplasts and nuclei.
Pathological changes of plasmalemmasomes Plasmalemmasomes in healthy tissue
On the basis of their internal structure, two distinct types of plasmalemmasomes, namely vesicular and tubular, are found in healthy G. aurantiaca. The vesicular plasmalemmasomes are characterized by regularly arranged internal vesicles. Their average diam. is 9o nm Citrus exocortis viroid cytopathology Citrus exocortis viroid cytopathology 36I and they are filled with a poorly contrasted substance (Fig. 2a) . Morphological intermediates from the compact spherical form (Fig. 2a) , to structures which are flattened out between the plasmalemma and the cell wall (Fig. 2d) , are easily detectable. In addition, multiple (Fig. 2c ) or single layers (Fig. 2d ) of vesicles may be found in areas of young cells, where an increased cell wall thickening can be observed (Fig. 2 e, d ). Serial sections showed that plasmalemmasomes may also occur detached from the cell wall and free in the cytoplasm (Fig. 2b) . The tubular plasmalemmasomes are characterized by loosely packed tubular internal structures. These tubules are generally arranged in a concentric way, and their average diam. is 5o nm (Fig. 3a to e) . Both cross-sections (Fig. 3b, c) and longitudinal sections (Fig. 3 a) of the tubules were observed. In many tubular plasmalemmasomes part of the internal structures has become converted into electron-dense paramural granules (Fig. 4 a, e) so that occasionally 'granular' plasmalemmasomes are found (Fig. 4b) . This electron dense material may also become distributed over a large area between the plasmalemma and the cell wall (Fig. 4a to d ) and suggests that these plasmalemmasomes are empty and slowly regressing structures (Fig. 4 d) . Many tubular plasmalemmasomes show a multimembranous internal stratification ( Fig. 3a, e; Fig. 4a ).
Plasmalemmasomes are protuberances of the plasmalemma into the cytoplasm. Fig. 2 (a), 4 (a) and 4 (b) show that where a multiple layer of membranes is visible, it consists of the plasmalemma and the tonoplast. Plasmalemmasomes are found in practically all types of developing young cells including sieve tube elements, tracheids, companion cells and parenchyma cells of the phloem and the xylem and in chlorenchyma cells of mesophyll and epidermis.
There are two additional observations of special interest. First, vesicular and tubular plasmalemmasomes were at no time found occurring together in samples from the same plant. Second, within the same specimen, different regions may exhibit considerable differences in the number and distribution of these plasmalemmasomes. Therefore, a series of thin sections may often be found where no plasmalemmasomes are detectable. After further sectioning these structures may appear again, but not more than about six of them per individual section. Reliable data about plasmalemmasomes can only be obtained if very large numbers of thin sections from many different plants are examined.
Plasmalemmasomes in CEV-infected leaf tissue
The plasmalemmasomes in CEV-infected leaf tissue differ strikingly in their shape and their internal structures from those described for healthy leaves. In all cases where the vesicular internal structure could be ascertained, conspicuous irregularities in their size, shape, number and contrastibility were observed (Fig. 5 a, b) . Because of these aberrations the shape of the whole plasmalemmasome may also become irregular (Fig. 5b) .
The tubular plasmalemmasomes in infected leaves exhibit extremely distorted internal tubules, which appear to be crushed together. The structural elements have heavy electron density and therefore malformed tubular plasmalemmasomes are easily discernible adjacent to the more transparent cell wall and cytoplasm (Fig. 5 c, d ).
As already described above for healthy G. aurantiaca, only one of the two types of malformed plasmalemmasomes is found in a given CEV-infected plant. Furthermore, we did not succeed in detecting the spreading of the internal structures of the plasmalemmasomes between plasmalemma and cell wall as was found in healthy tissue. Finally, it should be emphasized that in viroid-infected, symptom-bearing leaves, areas are found where both cell walls and plasmalemmasomes appear to be normal. This indicates that, in leaves with an apparent generalized infection, healthy tissue regions may exist; this is also reflected by the macroscopic symptom of blistering. No CEV-induced changes were observed in the structure of nuclei, mitochondria, ribosomes, microsomes and the cytoplasmic membrane system. Occasionally, chloroplasts with irregular electron-dense inclusions are found in diseased leaves. It is interesting to note that this latter aberration is the major subcellular symptom in G. aurantiaca infected with the cucumber pale fruit viroid (F. Rosenberg-de Gomez, K. Wahn and H. L. S/inger, unpublished data).
DISCUSSION
In this study we have examined thin sections from symptom-bearing leaves ofG. aurantiaca infected with CEV and from leaves of healthy control plants. On the basis of our results the following conclusions can be drawn: plasmalemmasomes, characterized by tubular and by vesicular internal structures, are cellular constituents present at the same frequency in both healthy and CEV-infected plants. Therefore, they do not represent the primary c.p.e. of viroid infection as previously reported by Semancik & Vanderwoude (I976) . Based on the criteria presented in our study, we consider most of the plasmalemmasomes shown in their paper (e.g. Fig. I c, 2a, 2b, 3 a, 4a and 4c) as normal tubular plasmalemmasomes in the stage of regression as indicated by their granularized internal structures. All the other plasmalemmasomes exhibit CEV-specific aberrations of the tubular form. Interestingly, they do not show any vesicular piasmalemmasomes.
Parallels have been previously drawn between certain properties of viroids and the agents of neurological diseases of animal such as scrapie of sheep (Diener, 1972 (Diener, , 1973 . Semancik & Vanderwoude (I976) extended these similarities to the c.p.e, of the agents and unjustifiably related the alleged viroid-induced appearance of plasmalemmasomes with the characteristic fragmentation and accumulation of plasma membranes in the scrapie disease. Also, in view of the fundamental differences between plant tissue and mammalian brain tissue, the inference that the causal mechanism of the two diseases may be similar cannot be justified. Moreover, viroids are biophysically and biochemically well characterized RNA molecules with a mol. wt. of about 12oooo (S/inger et al. I976; Gross et al. 1978 ; Langowski et al. I978 Riesner et al. I979) , whereas most of the corresponding properties of the causal agents of the subacute spongiform encephalopathies are still unknown. At present, the only well established similarity between viroids and the unconventional neuropathogens seem to be the size of their nucleic acid. Inactivation studies with ionizing radiation have shown that a 'nucleic acid target size' of no more than iooooo tool. wt. may be calculated for these unconventional agents (Gibbs et al. I978) . However, the exact size and nature of the infectious entity must still be considered uncertain because the recent proposal, that the scrapie agent is free infectious low mol. wt. DNA (Marsh et al. I978; Malone et al. 1979 )is at variance with results indicating that it could be a very small hydrophobic virus (Prusiner et al. I977, I978a, b) .
The first and only discernible CEV-specific cytopathic changes in G. aurantiaca leaf tissue consist of conspicuous alterations of the internal structures of the tubular and vesicular plasmalemmasomes which are always combined with corrugation of the adjacent cell walls. Occasionally, chloroplasts may be found which contain irregular electron-dense inclusions, the nature of which is unknown. No changes have so far been detected in the structure of nuclei, mitochondria, ribosomes, microsomes and the cytoplasmic membrane system. The absence of any conspicuous changes in the nuclei is of special interest, because there is strong evidence that at least some viroids including CEV in G. aurantiaca accumulate (Diener, I97I; S~nger, I972; ) and replicate (Takahashi & Diener, I975; Mfihlbach & S~.nger, 1977, I979) in the nucleus.
Our observation of apparent developmental stages of the plasmalemmasomes, and of their close association and spreading out along the plasmalemma and the thickening cell wall of I3-2 developing young cells, lends support to the concept that plasmalemmasomes are involved in cell wall formation (Cronshaw, 1965; Esau etal. I966; Halperin & Jonson, I967) . Since malformed plasmalemmasomes were only found together with malformed cell walls, the CEV-induced alteration of the plasmalemmasomes in G. aurantiaca can be functionally related to the observed cell wall corrugation which represents the subcellular expression of the characteristic macroscopic symptoms of leaf deformation and blistering. The mechanism of viroid pathogenesis remains to be elucidated. We wish to thank Mrs H. Wahn and Miss H. Will for capable technical assistance. This work was supported by the Sonderforschungsbereich 47.
